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Layered double hydroxides (LDHs) doped with Tb3+ ions in the brucite-like
layers were prepared successfully by the co-precipitation method. The struc-
ture and fluorescence properties of Mg-Al-Tb ternary LDHs and their products
calcined at different temperatures were studied for the first time. X-ray dif-
fraction patterns indicated that as-synthesized LDH samples maintained a
hexagonal crystal structure, and Tb(OH)3 was detected as Tb3+ dopant content
increasing to 5 at.%. In the fluorescent spectra, the green emission intensity
arising from 5D4 fi 7F5 transition became stronger with the increasing ratio
of Tb3+ dopant. When the annealing temperature rose above 500�C, the layer
structure collapsed and phases of MgO and MgAl2O4 formed. Meanwhile,
compared with MgAlTb-LDHs, the Tb-doped calcined LDHs (CLDHs) showed
stronger luminescent intensity of 5D4 fi 7F5 transition. These results
revealed that the calcined Mg-Al-Tb ternary LDHs may become a series of
novel materials with potential applications in fluorescent devices.

INTRODUCTION

Layered double hydroxide (LDH) is a large min-
eral material group with a layered structure.1 The
structure of LDHs is based on hydrotalcite
Mg6Al2(OH)16CO3�4H2O,2 which is similar to bru-
cite Mg(OH)2.3 In the brucite lattice, magnesium
ions are surrounded octahedrally by hydroxide ions,
and the octahedral units altogether form the infinite
plane of two-dimensional layers. Because LDHs are
derived by isomorphous substitution of Mg2+ cations
in brucite with Al3+ cations, the layers bear a posi-
tive charge. Because of the increase of the anions
and water molecules in the interlayer space, the
whole material is still charge neutral. However,
because of the great number of possible substitutes
for cations and interlayer anions, the relative pro-
portion between divalent and trivalent cations is
bound to differ, thus forming a great variety of
LDHs. The general formula for LDH can be repre-
sented as [M1�x

2+ Mx
3+(OH)2][An�]x/n�mH2O, where

M2+ and M3+ are divalent and trivalent metal ions,
respectively, and x is the molar ratio M3+/
(M2++M3+). According to this formula, pure phases
only exist for 0.2 £ x £ 0.33.4 M2+ and M3+ ions with

ionic radius close to that of Mg2+ are accommodated
in the brucite-like layers consisting of edge-sharing
octahedral units. Therefore, M2+ ions can be Mg2+,
Zn2+, Ni2+, Co2+, Cu2+, and Ca2+, whereas M3+ ions
are usually Al3+, Fe3+, Cr3+, and Ga3+. The charge-
compensating anion An� represents n-valence inor-
ganic,5 organic,6 complex,7 heteropolyacid,8 poly-
mer,9 or even biochemistry10 anions. Because LDHs
have a well-defined layered structure and important
functional groups, they are often identified as
important in applications including anion exchang-
ers,11catalysts,12 adsorbents,13 medical drugs,14 and
functional materials.15,16

Nowadays, rare-earth (RE) doped materials have
been widely studied. They are attractive to
researchers because they possess characteristic
narrow emission bands from electronic transitions
between the 4f energy levels and potential high
efficiency, in other words, high luminous intensity
and long luminous lifetime. Nevertheless, practical
applications of pure RE compounds are limited
because of their disadvantages such as fluorescent
quenching effects and poor thermal stability. Pre-
vious studies of the luminescence properties of
LDHs are often based on the intercalation of RE
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anionic complexes into the interlayer region.17,18

However, this method may prevent other guest
species from entering the interlayer region. There-
fore, incorporating RE ions directly into the brucite-
like lamellae without filling the interlayer area
represents a great progress for the development of
new fluorescent materials and a wide use of these
materials in biomedical applications. Among all RE
ions, trivalent terbium ions (Tb3+) that produce
green emissions are well-known dopants for many
compounds.19,20 For the application of fluorescent
probes in biology or medical diagnosis, Tb3+ ion-
doped layers are the most favorable. The terbium
ion is a trivalent cation, with a larger ionic radius
(0.0923 nm) and larger coordination number (like
most lanthanide ions from 7 to 10) than the Al3+ ion
(0.0535 nm, coordination number 6). Therefore,
aimed at minimizing the lattice distortion, incorpo-
rating a small amount of Tb3+ ions into the
hydroxide brucitic layers might be one of the pro-
spective options.

Herein, the structure and fluorescence of Mg-Al-
Tb ternary LDHs and their calcined products have
been reported. It was found that LDHs have char-
acteristic green emissions resulting from the tran-
sition 5D4 fi 7FJ (J = 6, 5, 4, 3) of Tb3+ ions.21

Furthermore, the calcined samples exhibit much
higher emission intensity than the uncalcined
counterparts, which will enhance our understand-
ing of the emissions of Tb3+ ions in this classic lay-
ered material and its calcined products.

EXPERIMENTAL

Materials

All the reagents were of analytical grade and used
without further purification. Magnesium nitrate
hexahydrate (Mg(NO3)2Æ6H2O), aluminum nitrate
nonahydrate (Al(NO3)3Æ9H2O), sodium hydroxide
(NaOH), and sodium carbonate anhydrous (Na2CO3)
were purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. Terbium(III) nitrate
hexahydrate (Tb(NO3)3Æ6H2O) was received from
Jinan Henghua Sci. & Tec. Co. Ltd., Jinan, China.
Deionized water was used throughout all processes.

Materials Preparation

The co-precipitation method was used for the syn-
thesis of LDHs samples. Fifty milliliters of an aqueous
solution containing Mg(NO3)2�6H2O (2 equiv.,
0.050 mol, 12.82 g) and Al(NO3)3�9H2O (1 equiv.,
0.025 mol, 9.38 g) was dropwise added into the 50-mL
aqueous solution of NaOH (7.00 g) and Na2CO3

(5.00 g) under vigorous stirring and reflux condensa-
tion at 70�C (approximately 3 h). The resulting white
precipitate was aged at 60�C for 18 h. After that, the
precipitate was filtered, washed with deionized water,
and dried at 120�C for 18 h. Finally, the MgAl-CO3-
LDH powder sample was obtained after grinding.
MgAlTb-CO3-LDHs with Mg2+/(Al3++Tb3+) molar

ratio of�2 and Tb3+/(Al3++Tb3+) molar ratio of 1%, 3%,
5%, and 7% wereobtainedby the samemethod. A set of
as-prepared MgAlTb-CO3-LDHs samples were an-
nealed in air at 500�C, 600�C, 700�C, 800�C, 900�C,
and 1000�C for 5 h, respectively.

Characterization

X-ray powder diffraction (XRD) patterns of
MgAlTb-CO3-LDHs and their calcined samples were
recorded on a D8-Focus diffractometer (Bruker Co.,
Billerica, MA) equipped with Ni-filtered and Cu Ka
radiation (k = 0.15406 nm) and operated at 40 kV
and 40 mA. The diffraction peaks were for the 2h
value range 9� to 65� with a 2h step of 0.016�. The
Fourier transform infrared (FTIR) spectra were
scanned over the wave number from 400 cm�1 to
4000 cm�1 using a Nicolet 6700 IR spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA), KBr
disks. Thermogravimetric (TG) analyses and differ-
ential scanning calorimetry (DSC) were performed
with a STA 409 PC thermal analyzer (NETZSCH
group, Selb, Bavaria, Germany) in air flow and with a
heating rate of 10�C/min. The fluorescence of the
samples was studied at room temperature with the
F-4500 FL spectrophotometer (Hitachi High-Tech
Ltd., Tokyo, Japan). The surface morphologies were
taken on a JEOL JSM-5610LV (JEOL Ltd., Tokyo,
Japan) scanning electron microscope (SEM).

RESULTS AND DISCUSSION

As presented in Fig. 1, the characteristic peaks at
about 11.5�, 23.3�, and 34.5� match well with LDHs
XRD reflections of (003), (006), and (009), respectively
(JCPDS card No: 89-0460), indicating the as-grown
samples share a LDH structure with hexagonal
crystal system assuming a 3R packing of layers.22

The typical doublet of (110) and (113) planes of LDH
can be observed between 60� and 63� as well. It can be
found that the XRD patterns of the samples with
different Al/Tb molar ratios are similar. The position
of maximum peak shifts slightly to smaller 2h degree
when increasing Tb3+ loading from 0% to 3%. The
lattice parameters were summarized in Table I.

They are given as a = 2d110 and c = 3(d003 + 2d006)/
2, respectively.23 Such variation is attributed to the
incorporation of Tb3+ into the layers of hydrotalcite
structure, with a radius (0.0923 nm) larger than that
of Mg and Al cations (0.072 nm and 0.0535 nm). The
discrepancy of the cation radius between Tb3+ and Al3+

could induce a distortion of the layers within each
octahedron, making the cation–oxygen distances no
longer equal. Moreover, the cation–cation distances
are only compatible with a corrugation of the octahe-
dral layers, which lose their planarity. Hence, the
conclusion that Tb3+ has isomorphously substituted
Al3+ in the LDH layers can be drawn.

It is noted that when the Tb addition reaches over
3%, the secondary phase Tb(OH)3 can be observed,
denoting that certain Tb3+ cations were not incor-
porated in the structure (Fig. 1). The value of
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parameter c decreased from 2.29382 nm to
2.29059 nm, as the provocation for the increase of
strong interaction of CO3

2� with the materials.24

The diminution of parameter a has also been
reported as an evidence of the effective incorpora-
tion of Tb3+ into the LDH framework.25

In Fig. 2, the FTIR spectra of the MgAl-CO3-LDH
and Tb-doped LDH samples resembled those of
other hydrotalcite phases.26,27 The strong and broad
absorbance band around 3455 cm�1, which is asso-
ciated with the stretching vibration of hydrogen-
bonded hydroxyl groups from both the LDH layers
and interlayer water molecules,10,22 is typical for
these spectra. The weak band at about 1640 cm�1

can be ascribed to O-H bending deformations.22,26

Three IR active absorption bands arose from the
carbonate anion located at 1370 cm�1(v3),
865 cm�1(v2), and 671 cm�1(v1).28 The evolution of
the peak at about 1490 cm�1 with increasing Tb3+

loading may be attributed to a Tb-CO3 v3 symmetric
stretching vibration. The growing intensity of this
band with the increase of Tb3+ loading suggests the
increased presence of Tb3+ on the hydroxide layers
interacting with interlayer CO3

2� species.28 A series
of bands present in the low-frequency area of the
spectrum at 449 cm�1, 555 cm�1, 783 cm�1, and
941 cm�1 belong to [AlO6]3� condensed groups,

Mg/Al-OH translation, Al-OH translation, and Al-
OH deformation, respectively.29

Figure 3 shows the fluorescence emission spectra
(kex = 238 nm) of the samples with different Tb3+

content and the excitation spectrum (kem = 543 nm)
of 7% Tb-LDH. The emission spectrum can be as-
signed to the characteristic peaks arising from the
transition between 5D4 level and 7FJ (J = 6, 5, 4, 3)
level of Tb3+. A green luminescence can be observed
under an ultraviolet lamp because 5D4 fi 7FJ

emissions mainly fall in the green region. The cor-
responding emission spectra of the samples with
Tb3+ incorporation show narrow emissions that
arise from 4f fi 4f transitions of Tb3+ ions as
shown in Fig. 3a.30,31 Among the emission bands,
the most remarkable green-emitting transition is
5D4 fi 7F5, which has been more intensive due to
the nature of the dopant Tb cations in the layer.
With Tb3+ loading increasing, an increase of the
Tb3+ emission band at 543 nm is obvious. The other
three peaks of the Tb-doped LDHs appeared at
about 491 nm (5D4 fi 7F6), 584 nm (5D4 fi 7F4),
and 620 nm (5D4 fi 7F3), respectively. The emis-
sion spectrum dominated by the electric-dipole
transitions indicates that the Tb cations experience
a low symmetry crystal field in the materials, sup-
porting the conclusion that the terbium ions have
been included in the LDH lamellae.32

The 7% Tb-LDH is taken as an example for the
thermal stability analysis (in Fig. 4). It is found to
be similar to that of the typical weight loss process
of the sample that has been reported before-
hand.33,34 Three general regions of weight loss can
be easily observed coincided with one broad and two
sharp endothermic peaks in the DSC profiles. The
first mass loss, which is about 10.59 wt.% from room
temperature to 240�C, is most likely due to the loss
of interlayer water molecules in the LDH sample,
together with relatively smaller amounts of carbon
dioxide and water molecules resulting from the
physical adsorption of the OH� group. There are
two corresponding endothermic peaks at 117.9�C
and 204.7�C, respectively. It has to be noted that in
a conventional LDH, the interlayer water molecules
interact directly with interlayer anions and with
metal cations through hydrogen bond with hydroxyl
groups of the hydrotalcite lamellas; thus, the dehy-
dration process is mainly determined by the nature
of both the interlayer anions and the layer cations.32

The second distinct mass loss of 19.88 wt.% occurs
Fig. 1. X-ray diffraction patterns of LDH samples with varying levels
of Tb incorporation.

Table I. Lattice Parameters for the LDH Samples

Samples d003 (nm) d006 (nm) d110 (nm) a (nm) c (nm)

MgAl-CO3-LDH 0.76413 0.38042 0.15198 0.30396 2.28746
1% Tb-LDH 0.76517 0.38186 0.15245 0.30490 2.29334
3% Tb-LDH 0.76533 0.38194 0.15247 0.30494 2.29382
5% Tb-LDH 0.76495 0.38188 0.15239 0.30478 2.29307
7% Tb-LDH 0.76384 0.38161 0.15235 0.30470 2.29059
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in the temperature range of 240�C to 400�C, which
is ascribed to the removal of hydroxyl groups from
the hydrotalcite-like layers, corresponding to the
remarkable sharp DSC endothermic peak centered
at 353.8�C. The third stage of weight loss above
400�C should be attributed to the decomposition of
residual hydroxyl groups and the CO3

2� from the
interlayer space.35 Then, the TG curve turns smooth
with the temperature increasing to 500�C, indicat-
ing the completely decomposed sample. The layer
structure has collapsed and the solid solution of
relevant metal oxides is formed at the same time.36

Thermal calcination of LDH often produces very
reactive mixed oxides, commonly called calcined

layered double hydroxides (CLDHs). A general view
in Fig. 5 demonstrates the XRD patterns of 7% Tb3+

loading LDHs heated from 500�C to 1000�C.
Tb-doped CLDH obtained at 500�C results in an
almost complete decomposition of the CO3

2� from
the interlayer space, evolving to CO2 and water.
Consequently, a main magnesium oxide phase is
formed. The major reflections of MgO are broadened
owing to the poor crystallinity of the sample. Some
Al3+ ions in the structure are dissolved in the lattice
of MgO, resulting in the formation of a mixed solid
solution that is capable of being restored to a LDH
when rehydrated.37 When the calcination tempera-
ture increased to 800�C, no major changes

Fig. 2. FTIR spectra of LDH samples with increased Tb loading (left) 4000–400 cm�1 and (right) 1000–400 cm�1.

Fig. 3. (a) Fluorescence emission spectra (kex = 238 nm) of LDH samples with different Tb loading and (b) excitation spectrum (kem = 543 nm)
of 7% Tb doped LDH.
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happened. The sharpness of the peaks increases
with the calcination temperature, which is in line
with the outcome of progressive crystal growth of
MgO and Tb4Al2O9 phases due to sintering of the
sample. At calcination temperatures of 800�C and
above, new peaks attributed to the formation of

MgAl2O4 spinel appear with a lower intensity.
These maximum diffraction peaks are much weaker
than those of the MgO phase, revealing a lower
crystallinity and smaller amount of the MgAl2O4

phase. The Al3+ ions, which have smaller ionic ra-
dius than Mg2+ ions, are progressively released from
the MgO-like structure to spinel MgAl2O4 and
Tb4Al2O9 phase.38,39 According to Scherrer equa-
tion, crystallite sizes of 7% Tb-doped CLDHs are
calculated in Table II. Crystal grows along with the
increased temperature.

The emission intensity of Tb-doped CLDHs varies
as the annealing temperature increases from 500�C
to 1000�C. Figure 6 displays the emission spectra of
7% Tb3+ loading CLDHs calcined at different tem-
peratures (kex = 238 nm). Compared with the
Tb-doped LDHs, peaks of annealed samples have
almost no shift, and the strongest peak still shows
up at 543 nm with the dominant electric-dipole
transition 5D4 fi 7F5. All the annealed samples
have much stronger peaks than uncalcined LDHs.
The insert of Fig. 6 represents the intensity trend of
5D4 fi 7F5 peaks at different temperatures. The
intensity of the transition 5D4 fi 7F5 increases
with the calcination temperature and reaches a
plateau at 800�C. Combined with the XRD patterns
in Fig. 5, the crystal structure of 7% Tb3+ loading

Fig. 4. TG and DSC curves of 7% Tb3+ doped MgAlTb-CO3-LDH.
Operative condition: air flow, heating rate 10�C/min

Fig. 5. XRD patterns of calcined 7% Tb-LDH samples at various
temperatures

Table II. Crystallite sizes of 7% Tb-doped CLDHs at different temperatures

Temperature (�C) 2h (�) FWHM Crystallite size (nm)

500 43.2949 1.8380 4.5984
600 43.2149 1.6580 5.0963
700 43.1051 1.5580 5.4213
800 43.0052 1.3290 6.3533
900 42.9752 0.8290 10.1841
1000 42.8975 0.5990 14.0907

Fig. 6. Fluorescence emission spectra of 7% Tb-CLDH samples
with different annealing temperatures
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CLDH calcined at 800�C is more complete than the
solid solution at 500–700�C. The result suggests
that, to some extent, more complete structure and
larger crystallite size are in favor of crystal fluo-
rescence. When the temperature goes higher than
800�C, the emission of transition 5D4 fi 7F5 is
greatly weakened. This is attributed to the high
calcined temperature but not to the formation of a
new phase MgAl2O4

40 because the emissions of
transition 5D4 fi 7FJ (J = 6, 5, 4, 3) can be ob-
served in the Tb-doped MgAl2O4 structure.41 Cal-
cined temperature over 800�C will lead to the
fluorescence quenching of Tb3+ ions. The emission
intensity falls and fluorescence effect of the sample
is weakened.

SEM micrographs of the annealed samples at
700�C, 800�C, 900�C and 1000�C are shown in Fig. 7
respectively. After the 7% Tb-doped sample was
annealed at 700�C, the platy grains became irreg-
ular and aggregated. As temperatures increased,
the grains grew larger and agglomeration was more
apparent.

CONCLUSION

In summary, structure and fluorescence of the
ternary LDHs and the annealed products were
investigated in the research. Seven percent Tb3+

loading LDH has stronger emission intensity in
green light-emitting area among 0–7% Tb-doped
LDHs. Annealing the optimum concentration at 7%
Tb-doped LDH under different temperature, the
resulting CLDH annealed at 800�C gives the maxi-
mum 5D4 fi 7F5 luminescence intensity with a
more complete structure and larger crystallite size.
After the temperature rises over 800�C, emission
intensity falls due to the fluorescence quenching of
Tb3+ ions. Overall, calcined Mg-Al-Tb LDHs may
become a series of novel materials with potential
applications in fluorescent devices.
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